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PhospholipidThe coupling between ATP hydrolysis and substrate transport remains a key question in the understanding of
ABC-mediated transport. We show using the MalFGK2 complex reconstituted into nanodiscs, that membrane
lipids participate directly to the coupling reaction by stabilizing the transporter in a low energy conformation.
When surrounded by short acyl chain phospholipids, the transporter is unstable and hydrolyzes large
amounts of ATP without inducing maltose. The presence of long acyl chain phospholipids stabilizes the con-
formational dynamics of the transporter, reduces its ATPase activity and restores dependence on maltose.
Membrane lipids therefore play an essential allosteric function, they restrict the transporter ATPase activity
to increase coupling to the substrate. In support to the notion, we show that increasing the conformational
dynamics of MalFGK2 with mutations in MalF increases the transporter ATPase activity but decreases the
maltose transport efﬁciency.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
ATP binding cassette (ABC) transporters consume ATP to move
substrates across cell membranes that differ widely in lipid composition
[1]. ABC transporters are generally composed of two transmembrane
domains (TMD) and two intracellular nucleotide‐binding domains
(NBD), expressed as separate polypeptides or fused together in different
combinations [2]. ABC transporters involved in nutrient uptake include
a substrate‐binding protein that increases the transport efﬁciency and
speciﬁcity [3]. Whether working as an importer or an exporter, the
basic working mechanism of an ABC transporter is similar: ATP binding
and hydrolysis by the NBDs drives the conformational change of the
TMDs between inward-facing (P-closed) and outward-facing (P-open)
states [4]. This structural change leads to the alternate exposure of the
substrate-binding site on each side of the membrane, the so-called
alternating access transport mechanism. For the maltose transporter
MalFGK2, the inward-facing conformation has low ATPase activity be-
cause the two NBDs on the MalK dimer are positioned apart [5]. Theleotide-binding domain; TMD,
de; MSP, membrane scaffold
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rights reserved.outward-facing conformation is instead poised for ATP hydrolysis be-
cause the two NBDs contact each other [6].
Themechanism that ensures the communication betweenNBDs and
TMDs, and therefore the effective coupling between ATP hydrolysis
and substrate transport, remains an important unresolved question. It
is suspected that a pair of conserved helices located at the interface be-
tween the two domains (hence termed coupling helices) serves to com-
municate the conformational changes [6]. Yet, the couplingmechanism
is not strict and varies greatly among transporters. It has been shown
that the rate of ATP hydrolysis and the rate of substrate transport can
differ by 1–3 orders of magnitude [7–10], and the reasons for this re-
main unknown. Interestingly, when extracted from the membrane
with detergent, the ATPase activity of MalFGK2 becomes uncoupled
and increases by ~100 fold [11,12]. This observation would suggest
that membrane lipids play an important role in restricting the trans-
porter ATPase activity and maintaining dependence on the substrate.
Detergents however, are also known to interfere with protein struc-
tures and protein interactions, so it is difﬁcult to ﬁrmly conclude regard-
ing the contribution of lipids to the coupling reaction. Furthermore, it
is impossible to measure the effect of lipids and lipid bilayers in the
heterogeneous and polydisperse lipid-detergent micelles. In contrast,
the nanodisc supports native-like membrane bilayers that can be mod-
iﬁed in their lipid content [13,14].
In this study, we employed the nanodisc to demonstrate the im-
portance of membrane lipids for the ABC transporter activity and cou-
pling mechanism. The result presented below shows that i) different
types and amounts of lipids can be incorporated into the disc, ii) the
lipids with long acyl chains increase the thermodynamic stability of
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transporter basal ATPase activity and iv) the low basal ATPase activity
of the transporter is essential for the efﬁcient coupling to maltose.
We illustrate the importance of this relationship with the mutant
MalF500. The mutant is unstable, it hydrolyzes large amounts of ATP,
and it transports maltose inefﬁciently. Coupled or not, we show that
MalE is bound with a high afﬁnity to the outward-facing transporter,
and excess maltose provokes the dissociation of MalE from MalFGK2,
as recently reported [12,15].2. Material and methods
2.1. Biological reagents
Detergent n-dodecyl-β-D-maltoside (DDM) was purchase from
Anatrace. All lipids were purchased from Avanti Polar Lipids. Superose
6 10/300 GL, Superdex 200 10/300 GL, Resource 15Q and Ni2+-NTA
chelating Sepharose columns were obtained from GE Healthcare.
BioBeads were purchased from BioRad. Other chemicals were obtained
from Sigma.2.2. Protein expression and puriﬁcation
MalE andHis-taggedMalFGK2were puriﬁed as previously described
[12], using Escherichia coli BL21 (DE3) carrying plasmids pBAD33-MalE
or pBAD22-FGKhis.MalEwas puriﬁedusing a Resource 15Q column and
denaturedwith 6 Mguanidine-HCl. Protein refoldingwas performed by
dialysis in TSG buffer (50 mM Tris–HCl, pH 8; 100 mM NaCl; and 10%
glycerol). His-tagged MalFGK2 was isolated by Ni2+-chelating chroma-
tography and further puriﬁed on Superdex 200HR 10/300 column
equilibrated in 50 mM Tris–HCl, pH 8; 5 mM MgCl2, 20% glycerol,
0.01% DDM.2.3. Reconstitution of MalFGK2
The membrane scaffold MSP1D1 was obtained from the Sligar
laboratory [13]. Phospholipids were dissolved in chloroform and dried
under a steam of nitrogen. The lipids were resuspended in 50 mM
Tris–HCl, pH 8, 50 mM NaCl, and 0.1% DDM. A typical reconstitution
experiment consists in mixing together the MalFGK2 complex, the
MSPs and the solubilized lipids at a protein:MSP:lipid ratio of 1:3:60
or 1:3:400 in TSG buffer containing 0.08% DDM. Detergent was slowly
removed with BioBeads (1/3 volume) and gentle shaking (overnight,
4 °C). BioBeads were removed by sedimentation and the sample was
frozen in liquid nitrogen before storage in −80 °C. Proteoliposomes
were prepared at a protein:lipid ratio of 1:2000. The proteoliposomes
were harvested by centrifugation (100,000 ×g, 1 h, 4 °C), resuspended
in 20 mM Tris–HCl (pH 8) and frozen in liquid nitrogen before storage
in−80 °C. Proteoliposomes were extruded through a 400-nm polycar-
bonate ﬁlter before use.2.4. Maltose transport assay
Proteoliposomes were reconstituted as described above in buffer
A (50 mM sodium phosphate, pH 6.5 and 1 mM MgCl2) containing
5 mM ATP, then resuspended in buffer A and kept on ice until
use. Transport reaction was carried out with 10 μM MalE, 0.5 μM
MalFGK2 proteoliposomes and 20 μM [14C]-maltose (57 μCi/μmol).
At the indicated time, samples (50 μL) were removed and diluted
into 1 mL ice-cold sodium phosphate buffer (50 mM) containing
maltose (10 mM) followed by ﬁltration through a 0.22 μM nitrocel-
lulose Millipore ﬁlter and scintillation counting. The total cpm were
converted into nmol using known amounts of [14C]-maltose.2.5. Dynamic and static light scattering
Dynamic light scattering analysis was performed on a DynaPro
nanostar instrument (Wyatt Technology) using a 1 μL inner volume
quartz cuvette. Data were ﬁtted using the DYNAMICS software (Wyatt
Technology) to approximate particle diameters. Static light scattering
was performed using a Superdex 200 HR 10/10 column connected to
aminiDAWN light scattering detector and interferometry refractometer
(Wyatt Technologies). The data were recorded in real time and the
molecular masses were calculated using the Debye ﬁt method using
the ASTRA software (Wyatt Technology).
2.6. Lipid phosphorus analysis of nanodiscs
Lipids were extracted following the method of Folch et al. [16].
Brieﬂy, nanodiscswere incubated in 10 volumes of chloroform/methanol
(2:1) for 10 min at room temperature. The solvent was mixed with 0.9%
NaCl (2 volumes) and centrifuged (2000 rpm, 1 min). The lipids in the
lower phase were dried under nitrogen and hydrolyzed in sulfuric acid
(9 N, 200 μL) for 30 min at 200 °C. The reaction was completed with
hydrogen peroxide (30%, 20 min), and released Pi was determined
using the malachite green method [17].
2.7. Electron microscopy
The nanodisc particles were diluted and applied to a freshly glow-
discharged carbon coated EM grid. Excess ﬂuid was removed and the
sampleswere stainedwith 2% urany1 acetate. Imageswere collected on a
Tecnai F20 microscope equipped with a Gatan Ultrascan 4000 4 k × 4 k
CCD Camera System at a nominal magniﬁcation of 50,000×, given a
pixel size of 2.3 Å per image.
The average size and standard deviation obtained aftermeasurement
of ~100 spherical particles was calculated using Digital Micrograph or
the E2display module of the Eman2 image processing suite [18].
2.8. Circular dichroism spectroscopy
Circular dichroism (CD) spectroscopy was performed in 50 mM
sodium phosphate buffer (pH 7.5) using a Jasco Model 810 spectropo-
larimeter equipped with a Peltier device. The measurements were re-
peated three times with baseline correction in the 215–300 nm range
(1 nm bandwidth, 1 s respond time).
2.9. Other method
The maleimide derivative ATTO-655 (Atto-Tech, GmbH) was used
to label MalE-31C, as described previously [12]. The ﬂuorescent mea-
surements were carried out at 25 °C in FL buffer (50 mM Tris–HCl,
pH 8 and 5 mM MgCl2) on a Cary Eclipse spectroﬂuorometer. The
MalFGK2 ATPase activity was determined by monitoring the release of
inorganic phosphate using the malachite green method [17]. MalE
was iodinated using the Iodogen reagent (Pierce-Thermo Scientiﬁc).
The speciﬁc activity of [125I]-MalE was ~2 × 105 cpm/μg. The detection
of [125I]-MalE and 14C-labeled maltose (57 μCi/μmol, Molecular Probes)
was performed using a phosphorimager scanner.
3. Results
3.1. Preparation of lipid-rich nanodiscs (also termed NLP)
The formation of a nanodisc is a self-assembly process initiated by
mixing together the membrane scaffold protein (MSP), the target
membrane protein and the phospholipids. The ﬁnal protein ratio in
the disc, which is formed upon removal of the detergent, is mostly
7invariable (two MSPs per disc) [13], but the lipid stoichiometry
can be modiﬁed. For this analysis, MalFGK2 was reconstituted with the
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or high lipid ratio (1:3:60 and 1:3:400, respectively). On native-gel
(Fig. 1A), the discs formed at low lipid ratio migrated above the discs
formed without added lipids (compare lane 1 with lane 2). In contrast,
the discs formed at the high lipid ratio migrated as a smear (lane 3).
Dynamic light scattering conﬁrmed the heterogeneity of the latter
preparation, containing particles with diameter ranging from 14 nm to
>200 nm (Fig. 1B). The smaller particles, also termed nanolipoparticles
(NLPs) [19], were separated by gel ﬁltration (Fig. 1C). Each fraction was
analyzed by native-PAGE and SDS-PAGE, and their lipid content was
determined by total phosphorus analysis (Fig. 1D; Table 1). The ratios of
MSP to MalFGK2 were identical across the different fractions, showing
that the protein stoichiometry in the disc is the same (2 MSP per
MalFGK2), as expected. In contrast, the phosphorus analysis indicated
an increasing amount of phospholipids (Table 1).
3.2. Characterization of the lipid-rich nanodiscs
To determine the size of the particles and their lipid content, each
fraction was re-injected onto a gel ﬁltration column coupled to a lightFig. 1. Isolation ofMalFGK2 nanodiscsmade at low and high lipid ratios. (A) The reconstitutionsw
high ratio DOPC lipids (1:3:400; lane 3). The material was analyzed by native-gel and Coomassie
light scattering analysis of theMalFGK2 nanodisc preparation at low (A) andhigh lipid ratios (B).
inner volume quartz cuvette. Data were ﬁtted using the DYNAMICS software (Wyatt Technolog
equilibrated in TSG buffer. (D) The collected fractions (F) were analyzed by SDS-PAGE (left pane
loaded on the right lane for visual reference. The position of molecular weight makers (in kDa)scattering detector (Fig. 2A). The size measured ranged from 330 kDa
to 640 kDa. For comparison, the size of the discs formed at low lipid
ratio was ~220 kDa (Table 1). Each fraction was also analyzed by
negative-stain electron microscopy (Fig. 2B). The images revealed
homogeneous particles with a diameter ranging from 10.7 nm (for
fraction F17) to 17.4 nm (for fraction F13). Since the EM images are
projection images, it was not possible to distinguish discoidal from
spherical assemblies. The exact geometry of the NLPs is still under
debate in the ﬁeld [20–22]. Here, the images allowed us to calculate
the number of DOPC molecules per particles, taking into account the
particle diameter and the cross-section of a lipid molecule (Table 1
and legend for details on calculus). There were ~120–150 molecules
in the 10.7 nm particles (fraction F17; 330 kDa) and ~550 molecules
in the larger 17.4 nm assemblies (fraction F13; 640 kDa). In contrast,
the discs reconstituted at the low lipid ratio (9.7 nm; 220 kDa)
contained just a few lipid molecules as determined by phosphorus
analysis (Table 1). Together, the data from three independentmethods,
light scattering, electron microscopy and total phosphorus analysis,
were consistent with each other (Table 1). They show that the
membrane scaffold proteins are ﬂexible enough to trap the maltoseere performedwithout added lipids (lane 1), at low ratio DOPC lipids (1:3:60; lane 2), or at
blue staining. The position of molecular weight makers (in kDa) is indicated. (B) Dynamic
Samples were analyzed on a DynaPro nanostar instrument (Wyatt Technology) using a 1 μL
y). (C) The MalFGK2 nanodisc preparations were applied onto a Superose 6 10/300 column
l) and native-PAGE (right panel). The nanodisc preparation (Nd) made at low lipid ratio is
is indicated.
Table 1
Mass, diameter and number of lipid molecules per nanodisc particles.
Molecular weight a (kDa) Measured diameter b (nm) Calculated lipid content c Measured lipid content d Calculated lipid content e
Nanodiscs 220 ± 21 9.7 f 0–26 14 ± 5 108
NLP F17 331 ± 22 10.7 ± 1.5 141 ± 28 116 ± 27 156 ± 76
NLP F16 356 ± 27 11.4 ± 1.4 172 ± 34 136 ± 33 190 ± 72
NLP F15 447 ± 29 14.2 ± 1.4 286 ± 36 225 ± 36 346 ± 90
NLP F14 573 ± 34 15.5 ± 1.6 443 ± 42 369 ± 31 438 ± 106
NLP F13 642 ± 46 17.4 ± 1.8 530 ± 58 457 ± 42 568 ± 142
a Determined by static light scattering as in Fig. 2A.
b Determined by electron microscopy as in Fig. 2B.
c Based on the molecular weight obtained by light scattering and assuming a stoichiometry MSP:MalFGK2 of 2:1. The applied equation was MWNLP = MWFGK +
2 ∗ MWMSP1D1 + N ∗ MWDOPC where N is the number of lipid molecules per NLP. DOPC ~0.8 kDa, MalFGK2 ~169 kDa; MSP1D1 ~24.6 kDa.
d Lipids were extracted following the method of Folch et al. [16]. The released Pi was determined using the malachite green method as described in Zhou and Arthur
[17]. The standard deviation was obtained from 3 independent assays.
e Based on the diameter determined by electron microscopy and assuming a perfectly circular shape. The applied equation was πR2NLP = πR2FGK + N ∗ SDOPC where
RNLP represents the radius of the NLP, RFGK the radius of the MalFGK2 transmembrane domain (6.2 nm), and SDOPC the surface area per DOPC lipid (72 Å2).
f Nanodisc diameter was determined by SAXS in Denisov et al. [13].
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and soluble nanoparticles containing MalFGK2 with different amounts
of lipids can be prepared and isolated.
3.3. Effect of the lipids on the transporter ATPase activity and coupling
to maltose
We tested the effect of the phospholipids on the transporter ATPase
activity (Fig. 3A). With the particles formed at a low lipid ratio, the
endogenous ATPase was high (~650 nmol/min/mg). In sharp contrast,
the ATPase activity measured with any of the lipid-rich particles wasFig. 2. Characterization of MalFGK2 nanodiscs made at low and high lipid ratios.
(A) The molecular weight of the particles in the collected fractions (F13 to F17) was
determined on a Superdex 200 HR 10/10 column coupled to a miniDAWN light scattering
detector and interferometry refractometer (Wyatt Technologies). The datawere analyzed
by Debye ﬁt method using the ASTRA software. The results are reported in Table 1 with
mean and standard deviations out of three repeats. (B) The diameter of the particles in
the collected fractions (F13 to F17) was determined by negative stain electron microscopy.
The particles were applied to a carbon-coated EM grid and stained with 2% urany1 acetate.
Images were collected on a Tecnai F20 microscope at a magniﬁcation of 50,000X. The stan-
dard deviation was on calculated on ~100 particles using the Eman2 image processing
suite [18]. The data are reported in Table 1.much lower (~10 nmol/min/mg); an activity approaching the trans-
porter reconstituted in proteoliposomes (labeled pL on Fig. 3A). In all
cases, the addition of MalE stimulated the ATPase activity by ~3-fold
(Fig. 3A), indicating that MalE binds to the transporter independently
from the surrounding lipids. We next measured the effect of maltose.
When the transporter was reconstituted at a low lipid ratio, maltose
reduced the ATPase activity by ~2 fold, as previously reported [12].
In sharp contrast, maltose stimulated the ATPase activity by ~10-fold
when the transporter was reconstituted at a high lipid ratio (Fig. 3A).
Together, the results demonstrate that phospholipids diminish the
endogenous ATPase activity of the transporter and increase coupling
to maltose.
3.4. The length of the lipid acyl chain is important for the transporter activity
We reconstituted MalFGK2 at a high lipid ratio (1:3:400), but
using four different types of synthetic lipids. Following gel ﬁltration
chromatography and phosphorus analysis, we selected and compared
the particles containing a similar amount of lipids (Table 2). The ATPase
measurements showed that the lipid head group did not have any
signiﬁcant effect on the transporter activity (compare DOPC to DOPG,
Fig. 3A and B, respectively). In contrast, the length of the acyl chain
had a major effect. Compared to longer lipids, the short acyl chain
DLPG (12:0) was unable to restrict the transporter ATPase activity,
and the transporter was uncoupled to maltose (Fig. 3B). This effect
was not because of the transition temperature of the lipids; DLPG and
POPG have a very similar Tm (Fig. 3B and Table 2). The difference was
also not because DLPG is less incorporated into the nanodisc compared
to the other lipids (Table 2). Thus, the length of the acyl chain is the lipid
feature that contributes to the transporter ATPase activity and its
coupling to maltose.
3.5. Lipids do not affect the binding between MalE and MalFGK2
We recently reported that excess maltose provokes the dissocia-
tion of MalE from MalFGK2, and thereby downregulates the activity
of the transporter [12]. The ATPase activity of the transporter was
higher with the mutant protein MalE-254, because the protein does
not capture maltose and therefore does not dissociate from the trans-
porter (Fig. 3A and [12]). To conﬁrm that maltose triggers the dissoci-
ation of MalE in nanodiscs containing low or high lipid ratios, we
employed native-PAGE and ﬂuorescent quenching assays, as previ-
ously described [12]. On native gel, [125I]-MalE was tightly bound to
MalFGK2 and, as expected the protein was dissociated in the presence
of maltose (Fig. 4A). In the ﬂuorescent quenching assay (Fig. 4B), the
non-hydrolysable ATP analog AMP-PNP stabilized the transporter in
the outward-facing conformation, which allowed the tight binding
of MalE to MalFGK2. The observed binding kinetics was slower for
Fig. 3. Effect of membrane lipids on the transporter ATPase activity. (A) The ATPase activity supported by the gel ﬁltration fractions F13 to F17 (0.5 μM in all cases) was measured at
37 °C in the presence of MalE (2 μM) and maltose (2 mM) as indicated. For comparison, the ATPase activity of MalFGK2 in nanodiscs made at a low lipid ratio or reconstituted in
proteoliposomes (pL) is presented. The y-axis is scaled to show the results on the same plot. The error bar is derived from three independent measurements. (B) The ATPase activity
of MalFGK2 reconstituted in nanodisc with the indicated phospholipids at a high lipid ratio (1/3/400) was measured as above. The nanodiscs were separated from aggregates on a
Superose 6 10/300 column equilibrated in TSG buffer.
Table 2
Number of lipid molecules in nanodiscs reconstituted with different synthetic lipids.
Measured lipid contenta Lipid Tm (°C) Lipid chain length
NLP-DLPG 161 ± 65 −3 12:0
NLP-DMPG 149 ± 58 23 14:0
NLP-POPG 153 ± 61 −2 16:0-18:1
NLP-DOPG 166 ± 71 −18 18:1
a The discs reconstituted at high lipid ratio with the indicated lipids were separated by
gel ﬁltration chromatography, as in Fig. 1B. In all case, fraction #17was used to determine
the lipid content and protein activity. The lipid content was measured as described in
Table 1. The standard deviation was derived from three independent assays.
1727H. Bao et al. / Biochimica et Biophysica Acta 1828 (2013) 1723–1730the lipid-rich particles, perhaps due to the restricted motions of
the TMDs in the long acyl chain lipid environment. In all cases, the
addition of maltose triggered the rapid dissociation of MalE from the
transporter (black curves, arrow). Thus, the downregulation of the
transporter ATPase activity previously observed in proteoliposome
[12] also occurs in nanodiscs and independent from their lipid content.
3.6. Lipids increase the folding stability of the transporter
Finally, we used CD spectroscopy to determine the effect of lipids
on the structural stability of the transporter. The action of lipids on
membrane protein folding is difﬁcult to assess in detergent solution
[23]; the nanodisc allowed us to bypass this limitation (Fig. 5). Com-
pared to the nanodiscs made at a low lipid ratio, the amounts of
guanidine-HCl required to unfold MalFGK2 reconstituted at a high
lipid ratio increased by 0.8 M (34% increase, Fig. 5B). To exclude the
possibility of an indirect effect caused by an interaction of the lipid
molecules with the MSPs, and also to conﬁrm that the transporter
instability leads to an increased ATPase activity, we employed the
mutant MalF500 (mutations G338R and N505I in MalF TMS5 and
TMS8, respectively). It is suspected that themutations increase the spon-
taneous conformational transitions of MalFG, and therefore hydrolysis of
ATP occurs in a constitutive manner [24]. In support to this assumption,the ATPase activity of themutantMalF500 in proteoliposomeswas ~200
fold higher than the wild type, and independent fromMalE and maltose
(Fig. 6A). In addition, themutant displayedmuch lower protein stability,
as indicated by the decrease of its unfolding transition midpoint (26%
decrease compared to thewild type, Fig. 5B). Finally, a maltose transport
assay revealed the rate of maltose transport with the mutant MalF500
was ~5-fold lower than the wild type (Fig. 6B). Altogether, the results
demonstrate that lowering the energy state of MalFGK2 is essential for
coupling the MalK ATPase activity to substrate transport.
Fig. 4. Effect of lipids on MalE binding to MalFGK2 nanodiscs. (A) The binding of 125I-labeled MalE (~2 × 105 cpm/μg; 0.5 μM) to MalFGK2 reconstituted at low and high lipid ratios
(fraction F17 is shown here) was analyzed by native-PAGE and autoradiography. Note that the protein migration is smeary when the discs are enriched with lipids. (B) The binding
of MalE to the lipid-rich nanodiscs (fraction F17; 1.1 μM) was measured using ﬂuorescent-labeled MalE-31C (10 nM) and AMP-PNP (0.5 mM). The arrow indicates the addition of
maltose (1 mM). The curve shows a typical result out of three repeats.
1728 H. Bao et al. / Biochimica et Biophysica Acta 1828 (2013) 1723–17304. Discussion
The efﬁcient operation of ABC transporters depends, at least in
theory, on preventing futile cycles of ATP hydrolysis in the absence
of a proper liganded state. This can be achieved by maintaining
the transporter in a stable conformation, away from the transition
state. For the maltose transporter, this low energy conformation cor-
responds to the inward-facing state, with the ATP binding sites on
MalK separated from each other [5]. Our results using the nanodisc
demonstrate show that lipids have a critical role in maintaining the
transporter away from the transition state. Without conformational
constraints, such as in nanodiscs containing a small amount of lipids
or nanodiscs containing lipids with short acyl chains, the transporter
is unstable and constitutively hydrolysis ATP. MalE and maltose are
then unable to stimulate the transporter signiﬁcantly, most likely
because the transporter cycles freely and rapidly between the inward-
and outward-facing states. Alternatively, in the absence of long enough
chain lipids, the preferred conformation of the transporter may be the
outward-facing conformation that constitutively hydrolyzes ATP. Either
way, our current data provides direct evidence that lipids are needed to
maintain the transporter away from the transition state. This allosteric
action is essential because it allows the ATPase activity of the transporter
to remain coupled to the substrate. Our analysis with the mutant
MalF500 illustrates well this later point: the high basal ATPase activity
of the mutant leads to poor dependence on maltose and poor transport
efﬁciency.
How membrane lipids maintain the transporter in a low energy
conformation remains to be determined. The maltose transporter, likeother ABC transporters, undergoes important conformational changes
during catalysis, which unsurprisingly can be inﬂuenced by the nature
of the lipid surrounding the transmembrane domains. The energy
costs associated with lipid bilayer deformation can directly affect the
protein activity through hydrophobic interactions [25]. A number of
recent studies suggest that the lateral pressure imposed by the lipid
bilayer, including elasticity, thickness and curvature can affect mem-
brane protein conformation and function [26–29]. In our study, the
incorporation of threshold amounts of lipid with long enough acyl
chains provokes the dramatic (~100 fold) decrease of the transporter
endogenous ATPase activity. This decrease is not related to lipid head
group since DOPG and DOPC produce the same effect. It is also not relat-
ed to the lateral pressure imposed by the packing of the lipids in the
discs since the number of DOPG and DOPC lipids in the particles is the
same (Table 2). It is also unlikely that the microviscosity around the
transporter account for the lipid effect since DLPG and POPG possess
very similar melting temperature (Table 2). Thus, the possibility re-
mains that the length of the acyl chain is directly affecting the motion
of the TMDs, and also perhaps the coupling helices located at the inter-
face between NBDs and TMDs. These helices are normally located near
the membrane surface, and the nanodisc containing long acyl chain
lipids may correctly reproduce this. That the length of the acyl chain
impacts directly the transporter activity is novel. It opens up the possi-
bility that the thickness of the lipid bilayer plays unsuspected role in
regulating the activity of certain ABC transporters in the cell context.
Future studies are needed to understand the action of lipids at the
structural and cellular levels. These studies will be greatly helped
with parallel studies with the nanodisc because the system is simple,
Fig. 5. Effect of lipids on the transporter stability. (A) The folding stability of MalFGK2 (1 μM) in the nanodiscs made at low or high lipid ratios was monitored by circular dichroism.
Examples of CD spectra obtained for the maltose transporter at different denaturant concentrations. Left: Nanodiscs (low lipids); middle: nanodiscs (high lipids); right: nanodiscs-F500
(low lipids). (B) The unfolded fraction at each guanidine-HCl concentration was calculated using the ellipticity at 222 nm and plotted as described [32]. The data were ﬁtted to a
Boltzmann sigmoidal model to determine the folding transition midpoint: mutant MalF500 (1.7 M), nanodiscs made at low lipid (2.3 M) and nanodiscs made at high lipid ratio (3.1 M).
Fig. 6. The ATPase and transport activity of wild type and mutant MalF500. (A) The ATPase activity of the wild type complex (upper panel) and mutant MalF500 (bottom panel)
reconstituted in proteoliposomes (0.5 μM) was determined as above. The ATP hydrolysis was measured at room temperature in the presence or absence of MalE (10 μM) and maltose
(1 mM). The error bar is derived from three independent experiments. (B) The transport of [14C]-maltose in the proteoliposomes containing the wild type (upper panel) or mutant
MalF500 (bottom panel) complex is described in the Material and Methods.
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1730 H. Bao et al. / Biochimica et Biophysica Acta 1828 (2013) 1723–1730controlled and well suited for monitoring the protein structural and
functional changes as a function of the membrane lipid environment
[30,31].
Acknowledgements
H.B. is recipient of a FYF fellowship from the University of British
Columbia. This work was supported by the CIHR MOP-86693 (to I.R)
and the NSERC and the CFI (to F.D.). I.R. is a CIHR New Investigator.
F.D. is a Canada Research Chair Tier II.
References
[1] E. Dassa, Natural history of ABC systems: not only transporters, Essays Biochem.
50 (2011) 19–42.
[2] I.B. Holland, ABC transporters, mechanisms and biology: an overview, Essays
Biochem. 50 (2011) 1–17.
[3] J. Cui, A.L. Davidson,ABC solute importers in bacteria, EssaysBiochem.50 (2011) 85–99.
[4] P.M. Jones, M.L. O'Mara, A.M. George, ABC transporters: a riddle wrapped in a
mystery inside an enigma, Trends Biochem. Sci. 34 (2009) 520–531.
[5] D. Khare, M.L. Oldham, C. Orelle, A.L. Davidson, J. Chen, Alternating access inmaltose
transporter mediated by rigid-body rotations, Mol. Cell 33 (2009) 528–536.
[6] M.L. Oldham, D. Khare, F.A. Quiocho, A.L. Davidson, J. Chen, Crystal structure of a
catalytic intermediate of the maltose transporter, Nature 450 (2007) 515–521.
[7] A.L. Davidson, H. Nikaido, Overproduction, solubilization, and reconstitution of the
maltose transport system from Escherichia coli, J. Biol. Chem. 265 (1990) 4254–4260.
[8] J.S. Patzlaff, T. van der Heide, B. Poolman, The ATP/substrate stoichiometry of the
ATP-binding cassette (ABC) transporter OpuA, J. Biol. Chem. 278 (2003) 29546–29551.
[9] B. Poolman, M.K. Doeven, E.R. Geertsma, E. Biemans-Oldehinkel, W.N. Konings, D.C.
Rees, Functional analysis of detergent-solubilized and membrane-reconstituted
ATP-binding cassette transporters, Methods Enzymol. 400 (2005) 429–459.
[10] E.L. Borths, B. Poolman, R.N. Hvorup, K.P. Locher, D.C. Rees, In vitro functional
characterization of BtuCD-F, the Escherichia coli ABC transporter for vitamin B12
uptake, Biochemistry 44 (2005) 16301–16309.
[11] R. Reich-Slotky, C. Panagiotidis, M. Reyes, H.A. Shuman, The detergent-soluble
maltose transporter is activated bymaltose binding protein and verapamil, J. Bacteriol.
182 (2000) 993–1000.
[12] H. Bao, F. Duong, Discovery of an auto-regulation mechanism for the maltose ABC
transporter MalFGK2, PLoS One 7 (2012) e34836.
[13] I.G. Denisov, Y.V. Grinkova, A.A. Lazarides, S.G. Sligar, Directed self-assembly of
monodisperse phospholipid bilayer nanodiscs with controlled size, J. Am. Chem.
Soc. 126 (2004) 3477–3487.
[14] H. Bao, F. Duong, C.S. Chan, A step-by-step method for the reconstitution of an
ABC transporter into nanodisc lipid particles, J. Vis. Exp. (2012) e3910.
[15] H. Bao, F. Duong, ATP alone triggers the outward facing conformation of themaltose
ATP-binding cassette transporter, J. Biol. Chem. 288 (2013) 3439–3448.[16] J. Folch, M. Lees, G.H.S. Stanley, A simple method for the isolation and puriﬁcation
of total lipides from animal tissues, J. Biol. Chem. 226 (1957) 497–509.
[17] X. Zhou, G. Arthur, Improved procedures for the determination of lipid phosphorus
by malachite green, J. Lipid Res. 33 (1992) 1233–1236.
[18] G. Tang, L. Peng, P.R. Baldwin, D.S. Mann, W. Jiang, I. Rees, S.J. Ludtke, EMAN2: an
extensible image processing suite for electron microscopy, J. Struct. Biol. 157
(2007) 38–46.
[19] B.A. Chromy, E. Arroyo, C.D. Blanchette, G. Bench, H. Benner, J.A. Cappuccio, M.A.
Coleman, P.T. Henderson, A.K. Hinz, E.A. Kuhn, J.B. Pesavento, B.W. Segelke,
T.A. Sulchek, T. Tarasow, V.L. Walsworth, P.D. Hoeprich, Different apolipopro-
teins impact nanolipoprotein particle formation, J. Am. Chem. Soc. 129 (2007)
14348–14354.
[20] G. Cavigiolio, B. Shao, E.G. Geier, G. Ren, J.W. Heinecke, M.N. Oda, The interplay
between size, morphology, stability, and functionality of high-density lipoprotein
subclasses, Biochemistry 47 (2008) 4770–4779.
[21] R.A.G.D. Silva, R. Huang, J. Morris, J. Fang, E.O. Gracheva, G. Ren, A. Kontush, W.G.
Jerome, K.A. Rye, W.S. Davidson, Structure of apolipoprotein A-I in spherical high
density lipoproteins of different sizes, Proc. Natl. Acad. Sci. U. S. A. 105 (2008)
12176–12181.
[22] Z.P. Wu, V. Gogonea, X. Lee, R.P. May, V. Pipich, M.A. Wagner, A. Undurti, T.C.
Tallant, C. Baleanu-Gogonea, F. Charlton, A. Ioffe, J.A. DiDonato, K.A. Rye, S.L.
Hazen, The low resolution structure of ApoA1 in spherical high density lipopro-
tein revealed by small angle neutron scattering, J. Biol. Chem. 286 (2011)
12495–12508.
[23] N.J. Harris, P.J. Booth, Folding and stability of membrane transport proteins in
vitro, Biochim. Biophys. Acta 1818 (2012) 1055–1066.
[24] K.M.Y. Covitz, C.H. Panagiotidis, L.I. Hor, M. Reyes, N.A. Treptow, H.A. Shuman,
Mutations that alter the transmembrane signaling pathway in an Atp binding
cassette (Abc) transporter, EMBO J. 13 (1994) 1752–1759.
[25] J.A. Lundbaek, S.A. Collingwood, H.I. Ingolfsson, R. Kapoor, O.S. Andersen, Lipid
bilayer regulation of membrane protein function: gramicidin channels as molecular
force probes, J. R. Soc. Interface 7 (2010) 373–395.
[26] W. Dowhan, M. Bogdanov, Molecular genetic and biochemical approaches for
deﬁning lipid-dependent membrane protein folding, Biochim. Biophys. Acta 1818
(2012) 1097–1107.
[27] P.K. Fyfe, K.E. McAuley, A.W. Roszak, N.W. Isaacs, R.J. Cogdell, M.R. Jones, Probing the
interface betweenmembrane proteins and membrane lipids by X-ray crystallography,
Trends Biochem. Sci. 26 (2001) 106–112.
[28] O.S. Andersen, R.E. Koeppe, Bilayer thickness and membrane protein function: an
energetic perspective, Annu. Rev. Biophys. Biomol. Struct. 36 (2007) 107–130.
[29] K. Charalambous, D. Miller, P. Curnow, P.J. Booth, Lipid bilayer composition inﬂuences
small multidrug transporters, BMC Biochem. 9 (2008) 31.
[30] F.J. Alvarez, C. Orelle, A.L. Davidson, Functional reconstitution of an ABC transporter
in nanodiscs for use in electron paramagnetic resonance spectroscopy, J. Am. Chem.
Soc. 132 (2010) 9513–9515.
[31] T. Kawai, J.M.M. Caaveiro, R. Abe, T. Katagiri, K. Tsumoto, Catalytic activity of
MsbA reconstituted in nanodisc particles is modulated by remote interactions
with the bilayer, FEBS Lett. 585 (2011) 3533–3537.
[32] N.J. Greenﬁeld, Determination of the folding of proteins as a function of denaturants,
osmolytes or ligands using circular dichroism, Nat. Protoc. 1 (2006) 2733–2741.
